Characterizing moisture-dependent mechanical properties of organic materials: humidity-controlled static and dynamic nanoindentation of wood cell walls, Philosophical Magazine, 95:16-18, 1992-1998, DOI: 10.1080/14786435.2014 Nanoindentation is an ideal technique to study local mechanical properties of a wide range of materials on the sub-micron scale. It has been widely used to investigate biological materials in the dry state; however, their properties are strongly affected by their moisture content, which until now has not been consistently controlled. In the present study, we developed an experimental set-up for measuring local mechanical properties of materials by nanoindentation in a controlled environment of relative humidity (RH) and temperature. The significance of this new approach in studying biological materials was demonstrated for the secondary cell wall layer (S2) in Spruce wood (Picea abies). The hardness of the cell wall layer decreased from an average of approximately 0.6 GPa at 6% RH down to approximately 0.2 GPa at 79% RH, corresponding to a reduction by a factor of 3. Under the same conditions, the indentation modulus also decreased by about 40%. The newly designed experimental set-up has a strong potential for a variety of applications involving the temperature-and humidity-dependent properties of biological and artificial organic nanocomposites.
Characterizing moisture-dependent mechanical properties of organic materials: humidity-controlled static and dynamic nanoindentation of wood cell walls Introduction Biological materials are hierarchically structured and typically rather complex nanocomposites [1] . Hence, the understanding of the structure-to-function relationship in these materials at the macroscopic level (bulk) requires studies of all the hierarchical levels at many different length scales, including mechanical characterization on the sub-micron scale. Nanoindentation is an ideal method to characterize mechanical properties of materials at that scale. Since the late 1990s, its application range has been extended to study biological materials such as bone, marine shells, silica sponges, and wood [2] [3] [4] [5] . Typically, the experiments are performed in the environmental conditions of the measurement chamber that do not represent the natural state of the biological specimens. Furthermore, the preparation of specimens, which require relatively flat surfaces, often necessitates stabilization by embedding the sample in resin. Normally, the embedding step results in further dehydration, which may cause chemical modification and imposes physical constrain for moisture absorption. The ability to perform nanoindentation under a controlled environment is of particular importance, as biological materials typically reside in humid environments in their natural condition and perform under a variety of relative humidities and temperatures (exoskeletons of arthropods, bone in the human body and wood of a living tree). This is equally important for understanding biological systems in their natural state and their possible applications. So far, an experimental set-up allowing routine nanoindentation experiments to be performed at various levels of relative humidity (RH) and temperatures was not yet technically achieved. For those reasons, the measurements on hygroscopic materials have been attempted only on samples immersed in water (representing 100% of RH) [6] [7] [8] [9] or under controlled RH achieved by saturated salt solutions of up to 70% (higher relative humidities cause hardware damage, are very time consuming and condensation inside indentation chamber might prevent moisture equilibration) [10] [11] [12] [13] .
Here, we present a new experimental set-up which allows humidity-and temperature-controlled static and dynamic nanoindentation experiments. Its importance for biological materials research is demonstrated on the secondary wood cell wall in Spruce wood (Picea abies) whose structure and mechanical properties have been studied extensively (including studies by nanoindentation) [2, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . As shown in Figure 1 , wood is a complex cellular material (Figure 1 Philosophical Magazineangle (MFA), which is the angle of the cellulose fibrils with respect to the longitudinal cell axis of the predominant S2 layer (orange layer in Figure 1 (f)) [25] .
Since wood is used for many applications -ranging from outdoor uses to furniture or paper production -an abundance of data demonstrating its hydromechanical and creep properties can be found in literature [13, 26] . By the first half of the twentieth century, the mechanical behaviour of macroscopic (bulk) wood was described in detail [27] , showing, for example, that the elastic modulus of dry spruce wood (less than 5% moisture content) decreases by~30% when a moisture content of~30% (fibre saturation point) is reached [28] . Environmentally controlled static and dynamic mechanical characterization was also performed on isolated single cells. However, even the latter do not reflect pure cell wall properties since the results are affected by geometrical effects, e.g. tension buckling of the helically structured hollow cells [29, 30] , and by the individual properties of each of the constituting layers, Figure 1(f) . In contrast, humiditycontrolled nanoindentation of a non-embedded wood material will allow to resolve the moisture-dependent mechanical behaviour of each of the cell wall layers independently. Furthermore, the development of such set-up has the potential to find applications in sub-micron mechanical characterization of all moisture-dependent organic and hybrid nanocomposites.
Experimental section
For humidity-and temperature-controlled nanoindentation experiments, a Triboindenter TI-950 nanoindentation system and a xSol-600 high temperature stage, both produced by Hysitron, Inc., were used. The xSol stage is designed to be mounted inside the nanoindenter chamber and is dedicated to perform measurements at elevated temperatures, up to 600°C. To avoid oxidation during heating, the stage includes the infrastructure required to create a local inert gas atmosphere. This infrastructure was adapted by us to create an environment with a locally controlled humidity and temperature (Figure 2) .
A WETSYS humidity generator (Setaram), which is able to deliver airflow between 50 and 200 ml/min of controlled RH with an accuracy of 0.1%, was connected to the inert gas inlet connected to the lower block of the heating stage. The humid airflow was generated at 32°C and was routed to the stage inlet via a heated transfer line. The upper block of the heating stage was placed on top of two o-rings isolating the internal space between the blocks from the rest of the indentation chamber and was kept at 24.5°C. The wood sample was mounted on the lower block directly underneath the slit designated for nanoindenter tip insertion. Finally, the actual humidity and temperature inside the measurement chamber were measured with an EK-H4 Evaluation Kit (Sensirion) used with a SHT75 capacitive sensor placed between the two o-rings, a few millimetres away from the sample. The accuracy of the RH and temperature readings was 2% and 0.5°C, respectively. The humidity stabilization time before each nanoindentation experiment at every RH was approximately 5 h during which the indented volume is expected to be fully equilibrated with the induced environmental conditions.
The indentation experiments were performed on cross-sections of thick (3-7 μm) latewood secondary cell walls (Figure 1 ) to minimize edge effects [31] , since the sample was not embedded. The flat surface was created with a Leica cryo-ultramicrotome on a small area of an ice embedded 5 mm × 5 mm × 5 mm adult Spruce wood block (MFA of S2 layer~10°) which was then allowed to thaw. The use of cryo-ultramicrotome allowed us to prepare samples with flat surfaces suitable for nanoindentation experiments avoiding embedding it in resin.
All nanoindentation measurements were performed using a long-Berkovich diamond tip with a loading function consisting of a five second loading segment up to a maximal load of 700 μN, followed by a ten second holding segment and finally, a five second unloading segment. The results from 20 indents on at least three different wood cells at every RH were averaged.
Results and discussion
Hardness and reduced modulus measured at four different RHs of 6, 31, 50 and 79% at a constant temperature of 24.5°C were calculated using the Oliver-Pharr method [32] and plotted in Figure 3(a) (circles) . The graph clearly illustrates the effect of RH on the static mechanical properties of the secondary wood cell wall. The reduced modulus obtained at relatively low RHs of 6 and 31% is almost identical -approximately 21 GPa. Increasing the RH resulted in a significant decrease of the reduced modulus to approximately 18 and 13 GPa at RHs of 50 and 79%, respectively. At the same time, hardness of the secondary cell wall exhibited a systematic decrease from an average of approximately 0.6 GPa at 6% RH down to approximately 0.2 GPa at 79% RH, thus, a total decrease of 67% was observed. These data are compared to nanoindentation results measured on a water-submerged P. abies specimen representing 100% RH (measured by us, diamonds), to nanoindentation data measured at 60% RH (rectangles) [33] and to a collection of reduced moduli taken from literature measured in a "dry" state (adapted from Ref. [18] , pink circle), Figure 3(a) . It is important to note that the "dry" state of the measured samples refers to measurements performed in unspecified environmental settings, presumably in a RH range of 30-60%. The large spread in elastic modulus data with respect to hardness is mainly due to the strong dependency of modulus on MFA that varies from cell to cell. The hardness, on the other hand, is dominated by the properties of the matrix [16] . It can be observed that these values fit well to the trend experimentally obtained by humidity-controlled nanoindentation.
The change in plastic behaviour of the secondary wood cell wall as a function of increasing RH, as expressed by the decreasing hardness in Figure 3(a) , can be observed in representative load-displacement curves plotted in Figure 3(b) . At the same maximal load of 700 μN, the penetration depth and the area under the curves increase significantly with increasing RH. This is accompanied by a twofold increase in the Figure 3 . Mechanical properties of the secondary wood cell wall, S2, in P. abies: (a) the average hardness and reduced modulus measured in a static nanoindentation mode: at four RHs of 6, 31, 50 and 79% -circles, water submerged specimen representing 100% RH -diamonds, at 60% RHrectangles (adapted from Ref. [33] ) and reduced moduli collected from literature measured in a "dry" state -pink circle (adapted from Ref. [18] ); (b) representative load-displacement curves measured in four corresponding RHs of 6, 31, 50 and 79%; (c) representative reference contact depth-time curves measured in a dynamic nanoindentation mode at two RHs of 6 and 79%; the insert is a schematic description of the dynamic nanoindentation measurement mode.
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plastic work done during the nanoindentation experiment and calculated by integrating the area under the curves: approximately 40 and 80 pJ at 6% RH and 79% RH, respectively. In addition, a change in creep behaviour is clearly evident during the 10 s holding segment of the measurement. Despite the higher displacement of the tip at higher RH and therefore, smaller stresses at the contact point, the length of the holding segment increases. For example, comparing the load-displacement curves at 6% RH with 79% RH, an additional creep displacement of approximately 10 and 40 nm, respectively, occurs, suggesting that RH strongly affects the viscous properties of the secondary wood cell wall.
To further investigate the creep behaviour of the S2 layer, dynamic tests were performed. The tip was displaced into the cell wall with a static load of 700 μN and a superimposed modulating load of 20 μN at a frequency of 220 Hz for a total time of 300 s, Figure 3(c) . During that time, the change in contact depth was recorded. The resulted representative contact depth-time curves at 6% RH and 79% RH are plotted in Figure 3 (c). It can be seen that at 6% RH the contact depth increased by approximately 25 nm and reached an equilibrium state after approximately 50 s. At the same time, at 79% RH, the contact depth increased by almost 100 nm and equilibrium was not reached even after 300 s, clearly demonstrating an increase in viscous behaviour of the secondary wood cell wall with increasing RH. Similar dependency of creep as a function of RH was observed on macroscopic wood samples [13] . Nevertheless, the total amounts of creep and equilibration times are different as these measurements do not represent the behaviour of the secondary cell wall layer alone but of the entire wood.
Conclusions
In conclusion, we successfully designed and realized experimental set-up for environmentally controlled static and dynamic mechanical testing by nanoindentation. This setup allowed moisture-dependent mechanical properties of the S2 layer of non-embedded P. abies cell walls to be exclusively and independently determined. The obtained results show a systematic change in local static and dynamic nanomechanical properties with varying RH corroborating the need for environmentally controlled mechanical characterization methods. This set-up is promising for better comprehension of naturally occurring nanocomposite systems and artificial organic materials and their dependent mechanical response to time, temperature and humidity.
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